Vertebrates display striking left-right asymmetries in the placement of internal organs, which are concealed by a seemingly bilaterally symmetric body plan. The establishment of asymmetries about the left-right axis occurs early during embryo development and requires the concerted and sequential action of several epigenetic, genetic and cellular mechanisms. Experiments in the chick embryo model have contributed crucially to our current understanding of such mechanisms and are reviewed here. Particular emphasis is given to the elucidation of a genetic network that conveys left -right information from Hensen's node to the organ primordia, characterized to a significant degree of detail in the chick embryo. We also point out a number of early and late events in the determination of left-right asymmetries that are currently poorly understood and for whose study the chick embryo model presents several advantages. We anticipate that the availability of the chick genome sequence will be combined with multidisciplinary approaches from experimental embryology, biophysics, live-cell imaging, and mathematical modeling to boost up our knowledge of left-right organ asymmetry in the near future.
Introduction
The body plan of birds, such as that of most vertebrates, displays readily recognizable asymmetries in the anteriorposterior and dorsal -ventral axes, although it appears bilaterally symmetric from the outside. Underneath this symmetric exterior, however, internal organs are placed following a carefully laid left -right (LR) asymmetric pattern, in which the apex of the heart points to the left, the gut coils counterclockwise, the right lobe of the liver is bigger than the left one, the spleen and ovary are on the left, and so on. This normal placement of internal organs is known as situs solitus and is a conserved feature in the vast majority of individuals from a given species, and also among different species of vertebrates. Indeed, deviations from the normal LR asymmetric arrangement of organs and/or viscera may be a cause of severe disease in humans.
The type of organ asymmetry displayed by vertebrates about the midline is considered 'directional asymmetry' (Boorman and Shimeld, 2002) , and implies the existence of mechanisms for consistently biasing laterality information. From a theoretical point of view, the establishment of the LR axis poses additional challenges to that of the anteriorposterior or dorsal -ventral axes, in the sense that LR information is intrinsically dependent on the other two axes (Brown and Wolpert, 1990) . Practically, the establishment of the LR axis raises fundamental biological questions as to how cells in a multicellular organism receive and interpret laterality cues, how this information is then translated into morphogenic changes that shape the embryo, as well as to how the initial symmetry is broken in the first place.
From a fairly descriptive account of otherwise anecdotal observations, research on the LR asymmetric placement of organs has moved into the mainstream of biological research in the past decade. Breakthroughs from this field of research have transcended the topic and provide insights well beyond the specific scope of LR asymmetry. Likewise, more recently, the field has benefited from the approaches of disciplines other than pure experimental embryology, including cell biology, real-time visualization of living embryos, and mathematical modeling. A number of excellent literature reviews analyze, in detail, the complex signaling pathways that the embryo uses to convey LR information (Bisgrove et al., 2003; Capdevila et al., 2000; Hamada et al., 2002; Mercola and Levin, 2001) , as well as update (and stir) the debate on LR symmetry-breaking mechanisms (Levin, 2002 (Levin, , 2003 Levin and Mercola, 1998; McGrath and Brueckner, 2003; Stern and Wolpert, 2002; Tabin and Vogan, 2003; Wagner and Yost, 2000; Yost, 2003) . Significantly, the chick embryo has starred in most of the groundbreaking advances in LR asymmetry research. In this review, we summarize the advantages that the chick embryo presents for experimentally tackling the challenge of LR asymmetry, and review the contributions to our current understanding of the field that this experimental model has made possible.
Sided gene expression: the plot unfoldsasymmetrically
The chick embryo makes a superb model to analyze gene expression patterns by means of in situ hybridization techniques. This is particularly true for early stages of development, such as gastrulation, when embryos from other species display more complicated geometries (as in the case of the mouse, which gastrulates as a cylinder) or develop on top of comparatively huge yolks (as in the case of Xenopus and zebrafish), thus complicating or obscuring the visualization of gene expression patterns. Instead, the chick embryo develops as a flat disk, is physically separated (and easily removed) from the egg yolk, and is large enough in size to allow straightforward identification of the different structures and tissue layers present at early stages of development. It is, therefore, not surprising that the first clues into LR asymmetric gene expression were obtained using the chick embryo. In 1995, the laboratories of Cliff Tabin, Claudio Stern, and Michael Kuehn discovered that a number of genes were expressed in a LR asymmetric manner in the early chick embryo (Levin et al., 1995) , at Hamburger-Hamilton stages (HH, Hamburger and Hamilton, 1951) 4 -8. This first breakthrough provided an experimental handle to the problem of LR asymmetric organ placement, and revealed some key players in a genetic cascade that has been continually refined ever since. In addition, the report by Levin and colleagues was quite remarkable in the sense that, being the first identification of LR asymmetrically expressed genes, they described not one, but four of them, and even demonstrated a convincing epistatic relationship among three of them. LR asymmetries were found in the expression of Activin type IIa Receptor (cAct-RIIa), Sonic hedgehog (Shh), Nodal (then known as Nodal-related 1, or cNR-1), and Hepatocyte nuclear factor 3-beta (HNF3b).
The earliest observed asymmetry was at HH4, when expression of cAct-RIIa was shown to be restricted to the right side of Hensen's node and the primitive streak. Signaling by the activin receptor on the right side of Hensen's node would repress and thus restrict Shh expression, which is initially symmetric, to the anteriorleft peri-nodal region by HH4 þ (Fig. 1A) . Left-sided expression of Shh, in turn, would eventually result in leftsided expression of Nodal in a small domain just anterior to Hensen's node at HH6 þ -7 (Fig. 1D) , and in a much broader expression domain occupying most of the left lateral plate mesoderm (LPM) at HH8 (Levin et al., 1995, see Fig. 1F ). Among the LR asymmetrically expressed genes identified in this first molecular analysis, Nodal was soon shown to play a central role for correct LR organ placement, which is evolutionarily conserved in other vertebrates (Collignon et al., 1996; Lohr et al., 1997; Lowe et al., 1996; Rebagliati et al., 1998) . Even though there are specific differences, important roles of Activin and Hedgehog signaling for the correct specification of the LR axis have also been described in other species (Kosaki et al., 1999; Oh and Li, 1997; Tsukui et al., 1999; Zhang et al., 2001) .
The nature of the relationships between Activin signaling and Shh expression, and between Hedgehog signaling and Nodal expression has been further refined by studying the gastrulating chick embryo. Thus, repression of Shh by Activin signaling is far from being direct, and appears to be mediated by a regulatory gene network involving cMid1 (Granata and Quaderi, 2003) , and Bmp4 (Monsoro-Burq and Le Douarin, 2000; Monsoro-Burq and Le Douarin, 2001), which is expressed in the posterior right side around Hensen's node and locally represses Shh expression (Fig. 2) . Similarly, induction of Nodal by Hedgehog activity involves a complex regulation of BMP antagonism (Piedra and Ros, 2002; Schlange et al., 2002) that includes the secreted factor Caronte Yokouchi et al., 1999; Zhu et al., 1999; see Figs. 1E and 2) .
Asymmetric expression of cAct-RIIa, and Shh is very transient and spatially restricted to the periphery of Hensen's node. Left-sided expression of Nodal, in turn, extends to most of the LPM and, although it disappears before overt morphological LR asymmetries (i.e. right looping of the heart tube) are evident, the fact that it encodes a secreted factor that could act cell non-autonomously (thus influencing surrounding cells) made Nodal a good candidate for relaying LR information to the organ primordia. Therefore, it seemed as though no additional factors were needed downstream of the Shh-Nodal cascade to explain how asymmetric organ morphogenesis took place. This was certainly not the case, and a number of laboratories were actively seeking factors that would bridge the gap between left-sided Nodal expression and asymmetric organ placement, which led to the independent description of Pitx2's role in LR development by five laboratories in 1998 (Logan et al., 1998; Piedra et al., 1998; Ryan et al., 1998; St Amand et al., 1998; Yoshioka et al., 1998) .
Pitx2 is a bicoid-related homeodomain-containing transcription factor whose expression was shown to be downstream of Nodal activity and whose function is required for normal LR heart and gut morphogenesis in chick, mouse and frog embryos. Moreover, and perhaps more importantly, not only was the expression of Pitx2 shown to be restricted to the left LPM in a pattern closely following that of Nodal (compare Fig. 1F ,G), but it persists much longer, displaying striking LR asymmetries in organ primordia throughout organogenesis. Thus, Pitx2 would act as a key transcription factor conferring left-sided instructions to developing organ primordia in an evolutionarily conserved signaling module initiated by Nodal. Other transcription factors are likely to participate in the relay of left information mediated by Nodal, such as the homeobox gene NKX3.2, which is expressed in the left LPM of HH10-11 chick embryos in response to Nodal activity (RodriguezEsteban et al., 1999; Schneider et al., 1999) , although its exact role in this process has not been fully characterized.
Furthermore, a right-sided regulatory cascade of gene expression is established around Hensen's node that ultimately leads to restriction in the expression pattern of Snail-related (SnR), a zinc finger transcription factor to the right LPM starting at HH8 þ (Isaac et al., 1997; see Fig. 1H ).
This right-sided cascade is initiated by Activin signaling that, through activation of cMid1 and BMP4 (see above and Fig. 2 ), induces the expression of the Fgf8 member of the Fibroblast Growth Factor family (Boettger et al., 1999; see Fig. 1B) , probably mediated by Fgf18 (Ohuchi et al., 2000) . More importantly, strong downregulation of SnR function results in ectopic Pitx2 expression in the right LPM (Patel et al., 1999) , revealing the existence of several points of cross-inhibition between left-and right-sided gene networks. Around the node, the right-specific network initiated by Activin signaling makes use of BMP4 to suppress Shh expression, which becomes left-sided. Further downstream in the cascade, when broad domains of gene expression are established in the LPM, SnR functions to provide additional restriction of left-sided genes by repression of Pitx2 expression. Nevertheless, downregulation of SnR function also revealed a direct effect in LR patterning, uncoupled , Early left-right asymmetries in gene expression around Hensen's node detected by whole-mount in situ hybridization using probes for the indicated genes. Expression of Shh becomes restricted to the anterior left side of Hensen's node by HH4 2 and is still clearly asymmetric at HH6 (A). Conversely, expression of Fgf8 becomes restricted to the posterior right peri-nodal region at HH6 (B). The expression of Deltalike 1 (Dll1) displays a very transient asymmetry at HH5, the left peri-nodal expression domain extending more anterior and medial than the right one (C). Nodal expression re-appears as a very discrete domain at HH6 in the anterior left side of Hensen's node (D). The position of Hensen's node is indicated by ovals. (E)-(H), At later stages, expression of Caronte (E), Nodal (F), and Pitx2 (G) is restricted to the left lateral plate mesoderm, while that of cSnR (H) is stronger and more extended in the right lateral plate mesoderm. All embryo views are ventral, anterior to the top. Sided gene expression is indicated by arrows. Panels (C), (D), and (F), are reproduced with permission from (Raya et al., 2004) ; panels (E) and (H) are reproduced with permission of Nature Publishing Group ; embryo images for panel G were kindly provided by Concepción Rodríguez-Esteban.
from that of repressing Pitx2 expression, that could represent more limited input for heart-looping events (Patel et al., 1999) .
As important as establishing broad domains of left-and right-sided gene expression domains in the LPM is the containment of such gene products and/or functions to prevent their spread to the contralateral side. The notion of 'midline barrier' was put forth by Levin et al. (1995) based on the fact that notochord removal caused LR alterations in frog embryos (Danos and Yost, 1995) , and has been further confirmed by analyzing a number of mouse and zebrafish mutants (Bisgrove et al., 1999 (Bisgrove et al., , 2000 Chen et al., 1997; Danos and Yost, 1996; Dufort et al., 1998; Hoshijima et al., 2002; Izraeli et al., 1999; King et al., 1998; Melloy et al., 1998; Meno et al., 1999; Purandare et al., 2002; Yamamoto et al., 2003) . Molecularly, the midline barrier is best exemplified by the role of Lefty-1, a divergent TGFb superfamily member expressed in the left side of the node and the left half of the prospective floor plate (Meno et al., 1996) , that antagonizes Nodal function during embryo gastrulation (Bisgrove et al., 1999; Cheng et al., 2000; Feldman et al., 2002) , and whose mutation results in spread of left-specific genes to the right side of the mouse embryo . Even though the chick embryo model has contributed less significantly to our detailed understanding of the physical and molecular bases of the midline barrier, it is worthy to note that both the expression of Lefty1 (Ishimaru et al., 2000; Rodriguez-Esteban et al., 1999) and its role in preventing ectopic spread of left-side determinants Yokouchi et al., 1999) are conserved in the chick.
The specific cell behaviors and morphogenetic events associated with left-or right-sided gene expression have been largely overlooked. Not until recently has the problem of asymmetric organ morphogenesis been approached from a systematic perspective using the tools of cell biology. For this purpose, the zebrafish embryo offers clear experimental advantages because of the transparency of early larvae and the readily accessibility of literally hundreds of wild-type and mutant embryos that develop in a Petri dish. Using this experimental model, it has been possible to characterize how left and right LPM undergo asymmetric migration dynamics that cause the initial intestinal leftward bend, which is ultimately responsible of the direction of the gut coiling (Horne-Badovinac et al., 2003) . Furthermore, the asymmetric migration behavior of the LPM is dependent on the correct specification of LR expression domains of key genes such as southpaw (related to Nodal) and pitx2 (Horne-Badovinac et al., 2003) , although how gene expression and cell behavior are mechanistically linked is still unknown. Clearly, much effort is still required in order to fully understand how asymmetric gene expression in the LPM and/or organ primordia is translated into asymmetric differences in cell behavior or sided morphogenetic movements. Although advances in this topic are likely to come from studies in model systems such as the mouse and zebrafish, where genetic manipulations are easily performed, the chick embryo model presents several advantages for studying early asymmetric organ morphogenesis, derived from its unique amenability to surgical manipulations, visualization of gene expression patterns, and from the fact that heart looping is readily observed in culture. Indeed, LR asymmetric distribution of extracellular proteins such as the heart-specific lectin-associated matrix protein-1 (hLAMP1), Fibrillin-2, and flectin, which are good candidates to mediate distinct cell behaviors in response to earlier asymmetric gene expression, have been reported to occur within the pre-cardial fields and heart tube of the chick embryo (Smith et al., 1997; Tsuda et al., 1996) .
Manipulating laterality: turning left into right or right into wrong
In addition to being an excellent experimental model to analyze gene expression patterns, the chick embryo is extraordinarily amenable to a variety of manipulations The cartoon depicts a HH5-6 chick embryo in which Hensen's node tilt is already visible. Asymmetric genes expressed at this time include Shh and Nodal on the left side of Hensen's node, and BMP4, Fgf18, and Fgf8 on the right side. Upstream events taking place at earlier stages and leading to BMP4 expression are depicted on top of this gene, starting with the earliest known asymmetrically expressed gene, Activin B. Conversely, downstream targets of BMP4 or Shh activities, which will take place later in development, are depicted below those genes' products. Genes conferring right identity are depicted in blue, while those specific to the left side are illustrated in red. See main text for details. that could be cumbersome or even unfeasible in other animal models. Before the advent of molecular embryology, elegant grafting experiments in the chick embryo had defined the developmental window at which LR information appeared to be fixed (Hoyle et al., 1992) . Also, most details about gene regulatory cascades that lead to side-specific gene expression patterns have been worked out by activating or inhibiting specific signaling pathways in the early chick embryo. Standard manipulations in this model include the local delivery of secreted proteins from implanted beads or cell pellets, overexpression of specific gene products by retroviral or adenoviral transduction, and the local or general application of pharmacological or chemical compounds.
Secreted proteins can be locally delivered to the early chick embryo in culture (New, 1955) by soaking acrylic or crosslinked agarose beads in a concentrated solution of the purified protein and implanting the bead(s) into the relevant position in the embryo (Fig. 3C) . The embryos are then left to develop until the desired stage and scored for morphological alterations of heart looping ( Fig. 3D -F) and/or analyzed for changes in gene expression patterns by in situ hybridization Fig. 3 . Experimental manipulation of left-right asymmetry in the chick. (A) -(C), A variety of experimental manipulations of gene activity have been described that result in laterality defects in the chick embryo. Prior to the appearance of morphological defects in left-right organ asymmetry, the effect of such manipulations can be analyzed in terms of altered gene expression patterns. For instance, Nodal expression is restricted to the left lateral plate mesoderm in control embryos implanted with PBS-soaked beads (A). However, the expression of Nodal does not appear in either left or right lateral plate mesoderm (although left-sided expression is evident around Hensen's node) after implantation of a bead soaked in a blocking antibody against SHH in the left side of Hensen's node (B). The converse experiment, i.e. augmenting Hedgehog activity in the right side of Hensen's node, is easily accomplished by local implantion of SHH-soaked beads, and results in ectopic expression of Nodal in the right lateral plate mesoderm (C). Black arrows point to normal Nodal expression domain in the left lateral plate mesoderm. Red arrows point to experimentally-induced alterations in Nodal expression. (D)-(F), An alternative outcome that can be easily analyzed in cultured chick embryos is the direction of the heart looping. Shown are scanning electron micrographs of a wild type embryo, displaying rightward looping of the heart tube (D), and altered heart looping patterns obtained as a result of ectopically expressing Caronte in the right side of the embryo by retroviral transduction (E)-(F). Alterations in the normal rightward looping of the heart tube are found in the form of failure to loop (E) or reversed leftward looping (F). Semicircular arrows indicate the direction of looping of the heart tube in (D) and (F). All embryo views are ventral, anterior to the top. Panels (D)-(F), are reproduced with permission of Nature Publishing Group (Rodriguez-Esteban et al., 1999); embryo images for panels B and C were kindly provided by Concepción Rodríguez-Esteban.
( Fig. 3A -C) . Activin A-soaked beads have been widely used in this way to evaluate the effects of ectopically activating this signaling pathway-normally active in the right side of Hensen's node during HH4-7, see above. Local delivery of Activin A to the left side of Hensen's node induces the sequential ectopic expression of a cascade of genes normally restricted to the right side that include cAct-RIIa (Levin et al., 1995) , cMid1 (Granata and Quaderi, 2003) , Bmp4 (MonsoroBurq and Le Douarin, 2001), Fgf8 (Boettger et al., 1999) , and cSnR (Isaac et al., 1997) . Conversely, similar manipulations result in downregulation of left-specific genes such as Shh (Levin et al., 1995) , Caronte (Rodriguez-Esteban et al., 1999), Nodal (Levin et al., 1995) , and cNKX3.2 (RodriguezEsteban et al., 1999).
The specific hierarchy in the gene networks conveying left-or right-sided information, as well as the cross-talk between them, have been worked out by manipulating the levels of each individual gene product and evaluating the resulting effects on the others' expression and/or function. In addition to Activin A, purified SHH-, BMP4-, and FGF8-soaked beads have been widely used for this purpose. When functional purified proteins are not available, an efficient alternative is the implantation of pellets of cells that secrete the protein of interest (Fig. 3E,F) . For this purpose, chick embryonic fibroblasts are generally used after transduction with Replication Competent Avian Leukemia Virus-LTR with a Splice acceptor (RCAS, Hughes et al., 1987) retroviruses expressing the relevant gene, such as Shh (Levin et al., 1995) , Nodal (Levin et al., 1997; Logan et al., 1998; Rodriguez-Esteban et al., 1999; Ryan et al., 1998) , or Caronte (Rodriguez-Esteban et al., 1999; Zhu et al., 1999) , although pellets of conventionally-transfected mammalian cell lines have also been used as a source of secreted factors (Monsoro-Burq and Le Douarin, 2001; Schlange et al., 2002) .
The ability of RCAS-mediated transgene misexpression in the chick embryo in the context of LR development is not limited to secreted factors. Intracellular proteins, such as transcription factors, have also been successfully locally delivered by injecting the blastoderm of early stage embryos with high-titer RCAS encoding the gene of interest. Moreover, a relative advantage of directly injecting concentrated virus is that embryos can be manipulated in ovo (Ryan et al., 1998) , thus not requiring the explant of embryos in New culture (which is necessary for the implantation of beads or cell pellets), although cultured embryos can also be successfully transduced using injection of high-titer RCAS stocks (Logan et al., 1998) . Irrespective of the method used to inject the RCAS, a caveat of this approach is the lag-time necessary for the virus to infect and spread within the targeted tissue. In practical terms, this limits the use of RCAS-mediated transduction to events taking place after HH4 þ -5, and therefore has not prevented the analysis of the role of genes involved in the transfer of LR information from Hensen's node to the LPM, and from the LPM to the organ primordia. However, the investigation of early events within Hensen's node itself may pose insurmountable obstacles to the use of RCAS. To overcome this limitation, several groups have recently attempted, with success, electroporation of naked DNA into specific regions of HH2 -4 chick embryos (Granata and Quaderi, 2003; Raya et al., 2004) .
Gain-of-function experiments, such as the ones based on overexpression of gene products described above, typically raise the question of whether the observed effects are indeed informative about the actual developmental process under study, or whether they rather reflect an experimentallyinduced alteration of more limited relevance to normal development. Although having a suggestive expression pattern (having the gene of interest expressed at the right time in the right place), together with positive results from gain-of-function experiments, is normally highly indicative that a putative gene is truly involved in LR determination, definitive proof typically comes from loss-of-function studies. In this respect, the chick embryo model has traditionally had important limitations when compared to other animal models such as the mouse or zebrafish, where genetic tools are much more powerful. A number of strategies have nevertheless been implemented over time in order to down-regulate the expression and/or function of specific genes during the specification of LR asymmetry in the chick embryo. For instance, antibodies against SHH have been locally delivered to block Hedgehog signaling around Hensen's node (Logan et al., 1998; Pagan-Westphal and Tabin, 1998; Raya et al., 2004; Ryan et al., 1998; Tsukui et al., 1999; Yokouchi et al., 1999) . Also, a purified recombinant truncated form of ActRII has been used as a dominant-negative version to block Activin signaling in the early chick embryo (Ryan et al., 1998) . Known pharmacological agonists or antagonists of different intra-or intercellular signaling pathways have also been locally delivered into the chick embryo in order to experimentally inhibit FGF signaling , modulate PKA activity (Kawakami and Nakanishi, 2001; RodriguezEsteban et al., 2001) , and downregulate Notch activity (Raya et al., 2004) . Similarly, overexpression of known modulators of signaling pathways have been used to downregulate Wnt (Rodriguez-Esteban et al., 2001) , and BMP (Monsoro-Burq and Le Douarin, 2001; Piedra and Ros, 2002) signaling in the context of LR determination.
Specific knockdown of a gene's transcription or translation has seldom been accomplished in the gastrulating chick embryo, although there are encouraging reports that substantiate the feasibility of such approaches. Antisense strategies have been successfully used to downregulate cSnR transcription by incubating HH5 chick embryos with antisense DNA oligonucleotides (Isaac et al., 1997) , and also to locally knockdown cMid1 around Hensen's node by electroporation of morpholino-modified oligonucleotides (Granata and Quaderi, 2003) , probably through inhibition of RNA translation (Kos et al., 2003) . Specific downregulation of genes' expression or function at precise locations and times is a technique traditionally found to be lacking in the chick embryo toolbox, a reason explaining why this experimental model has been lagging behind other more genetically-amenable ones such as the mouse or zebrafish. The completion of the chick genome sequencing project, combined with the possibility of specifically knocking down gene products by local delivery of morpholino-modified oligonucleotides or small interfering RNAs , make it possible to undertake large-scale functional analyses and therefore address questions previously reserved for other experimental systems.
More than just genes: epigenetic left -right asymmetries
Despite remarkable progress made in our knowledge of the genetic cascades that translate early LR asymmetric information from Hensen's node to the organ primordia, comparatively much less is known regarding how the initial embryo's symmetry is broken in the first place. The function of motile cilia in breaking the bilateral symmetry was first postulated by Afzelius when, analyzing patients affected of Kartagener syndrome (a disorder in which chronic sinusitis and bronchiectasis are often associated to laterality defects), he discovered immotile cilia that displayed structural alterations in the dynein arms (Afzelius, 1976) . Experimental support for this hypothesis came from elegant studies in the mouse carried out in Nobutaka Hirokawa's laboratory (Nonaka et al., 1998; Okada et al., 1999) . In the proposed model, a leftward 'nodal flow' of an unknown morphogen, created by the circular movement of monocilia located in the node of the mouse embryo, would result in the accumulation of said morphogen in the left side of the node, thus breaking the initial symmetry (reviewed in Hirokawa, 2000; Wagner and Yost, 2000) . The chick embryo model has contributed little to the elucidation of such a mechanism. In fact, despite circumstantial evidence suggesting that the 'nodal flow' hypothesis might also apply to the chick embryo (Essner et al., 2002) , several lines of evidence (reviewed in Levin, 2003) indicate that this may well not be the case. Putting aside the debate of whether chick embryos possess (Essner et al., 2002) or not (Manner, 2001 ) a structure equivalent to the mouse embryo's ventral node, a fact undermining a causal role for cilia function in the breaking of chick embryo's symmetry is that such symmetry is already broken by the time cilia appear in or around Hensen's node. Specifically, distinct LR asymmetries are evident in the membrane voltage potential of chick embryos from HH3-4 2 , the left side of Hensen's node being more depolarized with respect to the right side, as a result of LR differences in H þ /K þ -ATPase activity . The cause(s) for such differences in H þ /K þ -ATPase activity remain to be elucidated, but a mechanism has been recently proposed that link the LR asymmetry in membrane voltage potentials to the known cascade of laterality genes (Raya et al., 2004) . In the chick embryo, as well as in the mouse (Krebs et al., 2003; Raya et al., 2003) and zebrafish , the expression of Nodal around Hensen's node depends on the activity of the Notch signaling pathway. The case of the chick is particularly interesting, for peri-nodal expression of Nodal is overtly LR asymmetric from HH7-9, thus providing an excellent model to investigate mechanisms that initiate or maintain such biased expression. The expression of some components of the Notch pathway, such as Delta-like 1 and Lunatic fringe, also display LR asymmetries around Hensen's node prior to the onset of left-sided Nodal expression, i.e. around HH5-6 (Fig. 1C) . However, since the expression of both genes is up-regulated in response to Notch signaling, the asymmetry in their expression pattern is best explained as a consequence of a local domain of Notch hyper-activity on the left side of Hensen's node. Interestingly, the hyper-activity of Notch signaling occurs as a consequence of LR asymmetries in the distribution of extra-cellular Ca 2þ levels around Hensen's node (Fig. 4) , which in turn depend on LR differences in H þ /K þ -ATPase activity. In this context, Notch activation (and therefore, Nodal expression) is further spatially restricted by the concurrence of a boundary of Notch ligands (Delta-like 1 and Serrate-1), and temporally triggered by the effect of waves of Lunatic fringe expression that sweep the chick embryo during gastrulation (Raya et al., 2004) . In this way, epigenetic LR information initiated by a difference in membrane voltage potential is conveyed by asymmetries in extra-cellular Ca 2þ levels and merged with antero-posterior information to be translated into differential gene expression in an extremely precise and stereotyped manner (Fig. 5) .
Future directions
The chick embryo has been an invaluable tool for helping uncover the genetic mechanisms that underlie the determination of proper LR asymmetric organ placement. We now know, to a reasonable degree of detail, the genetic cascades that convey LR information from Hensen's node to the LPM and organ primordia. That is, the chick has provided the most complete road map to laterality to date. We anticipate that the completion of the chick genome-sequencing project will boost up the finding of missing stopovers between known genetic stations, as well as the elucidation of bypasses, loops, shortcuts and alternative ways to the known highways, thus allowing the compilation of an extremely complex road network conveying LR information from the node to the LPM and organ primordia. Indeed, that is a long and tortuous road, but a partial one as well, that only travels from HH3 to HH10. We also anticipate that multi-disciplinary approaches will be necessary to extend a productive journey to events taking place before HH3 or after HH10.
It is unclear whether the initial event breaking the embryo's symmetry would be amenable for analysis in the chick model. Should it take place very early after fertilization, as it appears to be the case for amphibians (Levin, 2003) , the symmetry-breaking event would be very hardly investigated in the chick embryo, which is already comprised of , 60,000 cells upon laying (Lemaire and Kessel, 1997) . It is generally believed, however, that the breaking of symmetry occurs much later in development, probably by the time that the antero-posterior axis is specified. Therefore, there is still much to be explored between Eyal-Gilaldi and Kochav (Eyal-Giladi and Kochav, abolishes the asymmetric distribution of extracellular Ca 2þ at either HH5 (F) or HH6 (H). Incubation with DMSO does not alter the normal asymmetric distribution of extracellular Ca 2þ at either stage (E),(G). All embryo views are ventral, anterior to the top. The grey levels scale representing fluorescence intensities was replaced with a purple to white scale for easier visualization. The line scans at the bottom of the images are traced through Hensen's node to quantify differences in fluorescence within the same embryo. Arrows point to local accumulations of extracellular Ca 2þ around Hensen's node, whose position is marked by ovals. Modified figure reproduced with permission from Raya et al. (2004). 1976) stages X -XIII up to HH3. For almost ten years now, researchers on the LR field have struggled to find earlier and earlier asymmetrically-expressed genes. Perhaps our failure to identify side-specific expression of genes earlier than that of cAct-RIIa at HH4 (Levin et al., 1995) reflects our missing the right path-the availability of the chick genome should help to clarify this issue. In this respect, it is encouraging to realize the existence of early LR asymmetries at epigenetic levels, such as LR differences in membrane voltage potential (Levin, 2003) or extracellular Ca 2þ levels (Raya et al., 2004) . It is tempting to speculate that a cascade of epigenetic events exist that link the initial symmetry-breaking event (necessarily epigenetic itself) to downstream stable gene expression patterns, and that most elements of this cascade have been previously missed in conventional gene-oriented analyses. If so, the application of experimental approaches borrowed from biophysics, live-cell imaging, and mathematical modeling should help pave a new way to understand how the LR axis is specified in the chick embryo from the blastula to the gastrula stage.
A particular feature of the chick embryo that has escaped detailed investigation is the existence of a very distinct early morphological asymmetry in Hensen's node itself. Hence, although it is long been recognized that Hensen's node is LR asymmetric in shape and structure during a time window between early HH4 and HH8 (Dathe et al., 2002 and references therein), the first indicator of morphological LR asymmetries consistently analyzed is the rightward looping of the heart, which occurs much later. A detailed characterization of how Hensen's node asymmetry is altered (or not) after manipulations that result in LR defects (genetic or otherwise) is very likely to provide important clues for early steps in LR specification. Indeed, the fact that culture-induced reversals of heart looping are not preceded by concordant alterations of LR asymmetry in Hensen's node (Cooke, 1995 ) is a clear indication that both morphological asymmetries can be experimentally detached.
The analysis of later events during LR asymmetric morphogenesis is also likely to benefit from multidisciplinary approaches. The chick embryo offers a series of experimental advantages over other animal models in this respect, which are likely to be exploited in the near future. For instance, although a great deal of information has been accumulated as to how the expression of several genes changes in response to local mis-expression or downregulation of key signaling pathways (see above), a correlation with changes at the cellular or tissue levels is missing. It is easy to envision that the analysis of specific changes in cell behavior or in tissue dynamics associated to particular treatments known to induce LR alterations at the genetic level will provide valuable clues as to how organ asymmetries are established, complementing studies pioneered in other models, such as the zebrafish (Horne-Badovinac et al., 2003) . In addition to approaches from cell biology, the chick embryo, because of its large size and accessibility, is particularly amenable to biomechanical analyses (Zamir et al., 2003) , which, if combined with experimental manipulations of the expression or function of laterality genes, will provide insights into the intimate mechanisms by which LR genetic information is translated into morphologically asymmetric organ placement.
In conclusion, the chick embryo has been proven instrumental during the last ten years for our understanding of the genetic mechanisms underlying the specification of the LR axis. The completion of the chick genome puts at our disposal a very powerful tool to bring to an end the inventory of genes that play a role during this process, and to delineate the relationships among them. The combination of such robust genetics tools and the particular amenability of the chick embryo to analyses from biophysical and cell biology approaches will merge to make of this model a continuing star in the elucidation of the epigenetic, genetic, cellular, and tissular mechanisms that shape a bilaterally symmetrical embryo into a consistently biased, LR asymmetric organism. Peri-nodal expression of Nodal is subsequently translated to broad domains of Nodal expression in the left lateral plate mesoderm by a mechanism controlled by Shh.
